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The creation of electrocatalysts based on noble metals has received a significant
amount of research interest due to their extensive use as fuel cell catalysts and
electrochemical sensors. There have been many attempts to improve the activity of
these metals through creating nanostructures, as well as post-synthesis treatments
based on chemical, electrochemical, sonochemical and thermal approaches. In
many instances these methods result in a material with active surface states, which
can be considered to be adatoms or clusters of atoms on the surface that have a
low lattice co-ordination number making them more prone to electrochemical
oxidation at a wide range of potentials that are significantly less positive than
those of their bulk metal counterparts. This phenomenon has been termed pre-
monolayer oxidation and has been reported to occur on a range of metallic
surfaces. In this work we present findings on the presence of active sites on Pd that
has been: evaporated as a thin film; electrodeposited as nanostructures; as well as
commercially available Pd nanoparticles supported on carbon. Significantly,
advantage is taken of the low oxidation potential of these active sites whereby
bimetallic surfaces are created by the spontaneous deposition of Ag from AgNO3
to generate Pd/Ag surfaces. Interestingly this approach does not increase the
surface area of the original metal but has significant implications for its further use
as an electrode material. It results in the inhibition or promotion of electrocatalytic
activity which is highly dependent on the reaction of interest. As a general
approach the decoration of active catalytic materials with less active metals for a
particular reaction also opens up the possibility of investigating the role of the
initially present active sites on the surface and identifying the degree to which they
are responsible for electrocatalytic activity.School of Applied Sciences, RMIT University, GPO Box 2476V, Melbourne, VIC 3001, Australia. E-mail:
anthony.omullane@rmit.edu.au
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View Article OnlineIntroduction
The electrochemical behaviour of noble metals has received signicant attention
given their use in green energy generation and conversion applications. In
particular, for fuel cells there have been numerous reports on the synthesis,
characterisation and application of Pt, Au, Ag and Pd nanomaterials for proton
exchange membrane, direct methanol, formic acid and alkaline fuel cells1–9 where
advantage is taken of the electrocatalytic activity of the relevant metal under
appropriate pH conditions. For instance Pt and Pd are mainly investigated and
commercially used for proton exchange membrane, formic acid and direct
methanol fuel cells under acidic conditions3–5,7 whereas both Au and Ag
demonstrate remarkable activity under alkaline conditions.8–13 In many electro-
catalytic studies the synthesis of novel nanostructured materials has been
addressed and the role that shape and size plays on electrocatalysis has been
systematically investigated by numerous groups.3,5,7,14–21 Likewise there have
been important fundamental insights into the role that exposed crystal facets play
on electrocatalytic processes which are undertaken at well-dened extended
single crystal surfaces.13,18,21–25 From these studies it has been found that the low
index planes of (111), (100) and (110) show different activity for a specic elec-
trocatalytic reaction but noteworthy is that the trend in activity is not uniform
across different electrocatalytic reactions.10,21 Electrocatalytic studies at these
surfaces is critical to fundamental understanding, however they are highly
unlikely to be utilised in a functional device. Furthermore there is debate whether
very small nanoparticles possess the crystal structure of the bulk metal,21 which
would be expected to alter the electrochemical behaviour of the material.
Therefore, experimental investigation of technologically relevant nanomaterials
and surfaces also needs to be pursued even though a signicant level of
complexity is added to the system under study.
The presence of active sites on nanomaterials is also an important parameter
and the presence of kinks, steps, ledges and other crystallographic defects that
are present on arguably all surfaces are expected to play a signicant role in
improving the electrocatalytic performance of a material. In recent years a
somewhat controversial model of electrocatalysis has been proposed, namely the
incipient hydrous oxide adatom mediator (IHOAM) model.26–30 In this approach a
metal is assumed to consist of: (i) bulk atoms that are fully lattice stabilised and
are oxidised at the thermodynamically predicted potential by Pourbaix; and (ii) a
surface containing defects, adatoms or clusters of adatoms. The latter have low
lattice co-ordination numbers and are more readily oxidised than their bulk
counterparts leading to electrochemical oxidation processes at potentials that are
signicantly lower than bulk metal oxide formation. This phenomenon has been
termed “pre-monolayer oxidation” and demonstrated on a range of metals
including Au, Pt, Pd, Cu and Ag.30–39 The evidence for these pre-monolayer
oxidation processes is mounting from reports that have studied this effect using
contact electroresistance,40,41 electroreectance techniques,42 electrochemical
quartz crystal microbalance,43 large amplitude Fourier transformed ac (FT-ac)
voltammetry44,45 and the surface interrogation mode of scanning electrochemical
microscopy (SECM).46 For the latter approach Bard demonstrated that the
coverage of gold with such incipient oxides can be as high as 0.2 of a monolayer.200 | Faraday Discuss., 2013, 164, 199–218 This journal is ª The Royal Society of Chemistry 2013
Paper Faraday Discussions
Pu
bl
ish
ed
 o
n 
05
 M
ar
ch
 2
01
3.
 D
ow
nl
oa
de
d 
by
 Q
ue
en
sla
nd
 U
niv
ers
ity
 of
 T
ec
hn
olo
gy
 on
 06
/12
/20
13
 01
:26
:08
. 
View Article OnlineHowever, the characterisation of such active sites has proven extremely diffi-
cult due to low surface coverage and their somewhat transient nature, yet
signicantly a recent study using aberration-corrected scanning transmission
electron microscopy in the high-angle annular dark-eld imaging mode revealed
the presence of low coordination Au adatoms on truncated octahedral gold
clusters (Au923).47 Even so new approaches for studying such active site behaviour
need to be explored, particularly under aqueous conditions as encountered in
electrochemical studies. A recent investigation by Scholz48 showed an elegant
method of investigating active site behaviour on gold whereby Fenton’s reagent
was used to chemically dissolve asperities on the surface. This resulted in
“knocking out” the active sites thereby shutting down reactions such as oxygen
reduction and hydrogen evolution. In this work an analogous approach is taken in
which it is described how advantage can be taken of pre-monolayer oxidation to
drive the electroless deposition of metals such as Ag onto Pd surfaces, which is
normally a thermodynamically forbidden process. Pd was chosen as it has been
identied as a suitable catalyst material for fuel cells; it has comparable activity to
Pt but is signicantly cheaper. This approach is undertaken at a variety of Pd
surfaces including evaporated lms, electrodeposited nanostructures and
commercially available Pd/C where it is shown that active sites across all materials
are involved in the decorating process which signicantly impacts on many
electrocatalytic reactions.
Experimental
Chemicals
AgNO3 (Sigma), Pd(NO3)2 (BDH), NaOH (BDH), H2SO4 (Sigma), ferrocenemetha-
nol (Sigma), formaldeyde (BDH) were used as received. All aqueous solutions were
made up with deionized water (resistivity of 18.2 MU cm) puried by use of aMilli-
Q reagent deioniser (Millipore).
Electrode materials
Glassy carbon plates (HTW) were used for the electrodeposited Pd nanostructures
and porous Pd and the Pd thin lms were deposited by a Balzers electron beam
evaporator. The layer composed of 1500 A˚ of Pd and 10 A˚ of Ti. The lms were
deposited sequentially by an electron evaporation process onto the bare Si
substrates (Supplier). Pd/C was drop-cast onto 3 mm diameter GC electrodes
(BAS). A 3 mm diameter Pd electrode (BAS) was also used.
Modication of evaporated Pd lms and nanostructured Pd with silver
The relevant substrate was immersed in an aqueous 1 mM AgNO3 solution under
dark conditions aer which it was thoroughly rinsed with Milli-Q water and dried
with a gentle ow of nitrogen gas.
Modication of Pd/C with silver
To 1 mL of an aqueous 1 mM AgNO3 solution, 0.5 mg of a commercial Pd/C
powder (Sigma-Aldrich) was added and allowed to react for a period of 5 min
under dark conditions. Aer 5 min of reaction, the material was centrifuged at
5000 rpm for 10 min, the supernatant was removed and the powder washed withThis journal is ª The Royal Society of Chemistry 2013 Faraday Discuss., 2013, 164, 199–218 | 201
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View Article Online1 mL ethanol. The material was then centrifuged and washed an additional two
times. Aer washing the powder was re-suspended in 1 mL of 0.2% Naon in
ethanol. Materials for electrochemical reactions were prepared by drop-casting
10 mL of well dispersed particles in solution onto a GC electrode and allowing the
solvent to evaporate.Electrochemical measurements
All experiments were conducted at (20  2)C with either a CH Instruments CHI
760C or CHI 760D electrochemical analyser in an electrochemical cell that
allowed reproducible positioning of the working, reference, and counter elec-
trodes. Working electrodes consisting of glassy carbon (GC) plates (0.159 cm2) or
Pd (BAS) were polished with an aqueous 0.3 mm alumina slurry on a polishing
cloth (Microcloth, Buehler), sonicated in acetone and then deionized water for 5
min, and dried with a ow of nitrogen gas prior to use and Pd lms were washed
with acetone and ethanol and then blown dry with nitrogen. The exposed
geometric area of these lms was controlled by using Kapton tape with a circular
cutout (4.5 mm diameter). The reference electrode was Ag/AgCl (aqueous 3 M
KCl). A graphite rod (6 mm diameter, Johnson Matthey Ultra “F’ purity grade) was
used as the counter electrode. All electrochemical experiments were commenced
aer degassing the electrolyte solutions with nitrogen for at least 10 min prior to
any measurement except for the oxygen reduction reactions. For the latter an
aqueous solution of 1 M NaOH was purged with high purity oxygen (5.0 coregas)
for at least 20 min. Open circuit potential (OCP) versus time experiments were
carried out in a 3 electrode arrangement under stirring conditions where the Pd
electrode was rst immersed in Milli-Q water followed by injection of a solution
AgNO3 to give a nal concentration of 1 mM.Large amplitude FT-ac measurements
A description of the FT voltammetric instrumentation used in this study is
available elsewhere.49 Sine waves of frequencies f ¼ 21.46 Hz and amplitudes of
DE ¼ 100 mV were employed as the ac perturbation. DC voltammetric experi-
ments were also carried out with this instrumentation by using a zero amplitude
perturbation to compare with results obtained using the CH Instruments
potentiostat.Materials characterisation
Scanning electron microscopy (SEM) measurements were performed on a FEI
Nova NanoSEM instrument (Nova 200). X-Ray diffraction (XRD) measurements
were carried out on a Bruker AXS X-ray diffraction system operated at a voltage of
40 kV and current of 40 mA with Cu-Ka radiation. X-Ray photoelectron spec-
troscopy (XPS) measurements were obtained with a Thermo K-Alpha XPS
instrument at a pressure better than 1  109 Torr with core levels aligned with C
1s binding energy of 285 eV. Samples for transmission electron microscopy (TEM)
were drop cast onto a carbon coated copper grid and performed using a JEOL 1010
TEM instrument operated at an accelerating voltage of 100 kV.202 | Faraday Discuss., 2013, 164, 199–218 This journal is ª The Royal Society of Chemistry 2013
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View Article OnlineResults and discussion
Illustrated in Fig. 1 is the conventional voltammetry of a commercial Pd electrode
(BAS) in 1 M H2SO4. The adsorption/desorption of hydrogen is present over the
potential range of 0.20 to 0.30 V but is rather sluggish in nature without any
indication of distinct peaks. The oxide formation region commences at ca. 0.73 V
until the end of the positive sweep at 1.20 V. On the reverse sweep the oxide layer
is removed in a sharp process centred at 0.50 V. This is the expected behaviour for
a relatively smooth Pd surface in acidic electrolyte.30,50
There have been reports on activating Pd surfaces via thermal pretreatment51 or
by an electrochemical procedure whereby a thick hydrous oxide is grown on the Pd
surface followed by slow reduction to produce a disrupted or active surface.30 This
usually leads to additional features in the hydrogen adsorption/desorption region
and pre-monolayer oxide processes. In this work similar effects can be seen for
electrodeposited Pd lms that have a nanostructured morphology. Illustrated in
Fig. 1b is the CV of nanostructured Pd in 1 M H2SO4 that was achieved through a
simple electrodeposition procedure at a GC electrode held at0.30 V for 300 s in an
electrolyte containing 20 mM Pd(NO3)2. It can be seen that the CV of nano-
structured Pd is distinctly different to that of the bulk Pd electrode. The region from
0.20 to 0.30 V contains an additional pair of well-dened conjugate peaks with a
midpoint potential of 0.045 V with a peak-to-peak separation of 60 mV. The
appearance of these peaks at this potential region has been observed previously for
both activated Pd electrodes and Pd nanoparticles and nanowires.30,51,52 The inter-
pretation of these peaks has been disputed, with Burke and others attributing this
behaviour to quasi-reversible pre-monolayer oxide formation process at highly
active Pd adatoms or clusters of adatoms which is accompanied by eld assisted
specic adsorption of sulphate and/or bisulphate anions,30,51,52 whereas other
groups have ascribed this to better-dened H UPD processes at different exposed
crystal facets.25,50 At more positive potentials it can be seen that there is clearly an
earlier onset in the formation of the monolayer oxide region which has also been
attributed to pre-monolayer oxidation processes at activated Pd sites.30,51,53
This can be related to the formation of a discontinuous layer of Pd dendrites
distributed over the entire surface (Fig. 2a). A higher magnication image is
shown in Fig. 2b: the branched nature of the individual dendrites can be seenFig. 1 CVs recorded in 1 M H2SO4 at a sweep rate of 50 mV s
1 at (a) bulk Pd electrode and (b)
electrodeposited nanostructured Pd surface on a GC electrode.
This journal is ª The Royal Society of Chemistry 2013 Faraday Discuss., 2013, 164, 199–218 | 203
Fig. 2 SEM images of Pd electrodeposited at 0.30 V for 300 s on a GC electrode from an electrolyte
containing 20 mM Pd(NO3)2.
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View Article Onlinewhere the branches taper to a typical tip size of ca. < 100 nm in diameter. Previous
studies have shown that highly anisotropic nanostructures of metals such as Pd,
Pt and Au are quite active electrocatalytic materials1,14,54–56 and are prone to
oxidation at low potentials.
The electrochemical behaviour of a bulk Pd electrode in 1 M NaOH (Fig. 3a)
was also investigated which showed analogous behaviour to that observed in 1 M
H2SO4 consisting of a broad hydrogen desorption region, double layer and
monolayer oxide formation on the positive sweep and an oxide reduction process
at 0.24 V followed by hydrogen adsorption on the negative sweep. For the
nanostructured Pd electrode there was no evidence of the pair of conjugate peaks
in the hydrogen adsorption/desorption region (Fig. 3b) as was the case for this
electrode in acidic electrolyte. The nanostructured Pd surface however showed an
additional feature in the double layer region with a broad process occurring prior
to the onset of monolayer oxide formation. To probe this effect further a highly
porous Pd surface was created by the relatively new method of hydrogen bubble
templating which involves metal deposition around hydrogen bubbles that are
evolved from the surface. A SEM image of this type of structure is shown in the ESI
Fig. S1.† A typical honeycomb-like structure is observed with a highly branched
internal wall structure which is consistent with previous studies.57 However, the
CV response for this sample, shown in Fig. 3c, in 1 M NaOH shows a distinctly
different behaviour to the bulk Pd electrode and electrodeposited Pd nano-
structures. There are numerous oxidation process that occur at signicantly lower
potential than bulk oxide formation at 0.56, 0.46 and 0.30 V. This is
consistent with previous studies by Burke and also Pletcher et al. who also
observed similar behaviour at activated and electrodeposited mesoporous Pd,
respectively30,51,58 and attributed it to the oxidation of the Pd surface at particularly
favourable sites. It is interesting to note that in all cases in Fig. 3 there is an
absence of the sharp conjugate peaks that were observed in Fig. 1b. This suggests
that the appearance of these peaks in acidic electrolyte is not related to the
adsorption/desorption of hydrogen. This was also concluded recently from elec-
trochemical impedance studies where the data suggested that it was the forma-
tion of incipient oxides on the surface of palladium that was the origin of this type
of response.52 The lack of a reduction component below0.50 V in Fig. 3b may be
related to the recalcitrant nature of the oxidation product of active Pd51,53 which
has been suggested to be in the form of [Pd(OH)6]
2
ads.204 | Faraday Discuss., 2013, 164, 199–218 This journal is ª The Royal Society of Chemistry 2013
Fig. 3 CVs recorded at 50 mV s1 in 1 M NaOH at: (a) bulk Pd electrode; (b) electrodeposited Pd surface
(as in Fig. 2); and (c) highly porous Pd surface generated via hydrogen bubble templating.
Paper Faraday Discussions
Pu
bl
ish
ed
 o
n 
05
 M
ar
ch
 2
01
3.
 D
ow
nl
oa
de
d 
by
 Q
ue
en
sla
nd
 U
niv
ers
ity
 of
 T
ec
hn
olo
gy
 on
 06
/12
/20
13
 01
:26
:08
. 
View Article OnlineIt has recently been shown that FT-ac voltammetry is highly effective in
detecting electrochemical processes at metal surfaces such as Au and Cu that are
not clearly observable via dc voltammetry due to the capacitive nature of the
double layer region. The FT-ac technique allows the capacitive and Faradaic
components to be separated and has been used to demonstrate that signicant
pre-monolayer oxidation responses occur on both gold and copper in the double
layer region.44,45 This approach was applied to the bulk Pd electrode in acidic
solution and the results are shown in Fig. 4. The dc component is also shown to
demonstrate the consistency with the response recorded under regular dc vol-
tammetric conditions. The forward and reverse sweeps are represented separately
for clarity of presentation. In the 1st and 2nd ac harmonic responses the current is
still quite signicant in the 0.20 to 0.30 V region and still has a contribution
from capacitive current. In the 3rd and 4th ac harmonic responses there is a
distinct process centred at 0.10 V which is Faradaic in nature and coincides with
the pair of conjugate peaks seen in the case of nanostructured Pd (Fig. 1b). ThisThis journal is ª The Royal Society of Chemistry 2013 Faraday Discuss., 2013, 164, 199–218 | 205
Fig. 4 Large amplitude FT-ac voltammetry at a Pd electrode in 1 M H2SO4 for the dc and 1st to 4th ac
harmonic responses recorded at a sweep rate of 44.70 mV s1 with an amplitude of 100 mV at a
frequency of 21.46 Hz.
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View Article Onlineillustrates the effectiveness of the technique whereby processes that are not
readily observed in dc voltammetry due to capacitance can be identied in the
higher harmonics. This implies that the active site response at 0.10 V is also
present on the bulk Pd electrode. The response is not as well dened for what is
expected for a surface conned electron transfer process (e.g. a quartet of
1 : 3 : 3 : 1 intensity ratio for a fully reversible process on both the forward and
reverse sweeps) which implies that electron transfer for this reaction is not highly
reversible at the bulk Pd electrode in acidic conditions.44,59 The lack of a clear
response on the reverse sweep at this potential suggests an EC type mechanism206 | Faraday Discuss., 2013, 164, 199–218 This journal is ª The Royal Society of Chemistry 2013
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View Article Onlinewhich is not unexpected if the oxidation product is a species like [Pd(OH)6]
2
ads
which may be unstable under acidic conditions. There is also evidence for a
process at ca. 0.55 V which is just prior to the onset of monolayer oxide formation
and could be an additional active site response.
It is clear from this data that both nanostructured and bulk Pd electrodes can
be oxidised at potentials well below that recorded for the oxidation of bulk Pd
containing more stabilised atoms with a higher lattice co-ordination than the
described metastable surface state of adatoms or clusters of adatoms. Such large
shis in oxidation potential have also been shown for extremely small gold
nanoparticles of <4 nm in diameter that were oxidised in a halide containing
media at potentials ca. 850 mV negative of the bulk Au oxidation peak.60 A recent
discussion by Kucernak61 on Pt suggested that the formation of a hydrogen
bonded water–OHads network on polycrystalline surfaces occurs which dictates
the rate of COads oxidation. The potential at which this occurs is highly dependent
on the nature of the surface and the presence of strongly adsorbed ions, however
it was suggested that this can occur in the double layer region of Pt.
Therefore, if Pd can be oxidised at potentials that are signicantly less positive
than the formation of bulk oxide then advantage can be taken of this as a means
of identifying active site behaviour via the spontaneous deposition of a less noble
metal onto the active surface that is thermodynamically forbidden at the bulk
material. Taking Ag as an example the standard reduction potential for Ag+/Ag is
0.799 vs. SHE compared to 0.915 V vs. SHE for the Pd2+/Pd couple. Therefore, it is
not expected that Ag can be reduced on to the Pd surface. However, given that
oxidation processes are observed on Pd at potentials as low as 0.100 V vs. Ag/AgCl
(or 0.315 V vs. SHE) it should provide enough driving force for the spontaneous
deposition of silver to occur at these active sites. As an initial study a highly
reproducible surface was employed, namely a Pd lm of 150 nm thickness that
was evaporated onto a silicon substrate. All experiments in this work were con-
ducted using samples cut from the same evaporated lm. The sample was
immersed for 5 min in 1 mM AgNO3 in the dark and then washed thoroughly with
Milli-Q water and dried with nitrogen. From XPS analysis it can be clearly seen
that Ag deposits on to the surface (Fig. 5) where the surface concentration was
calculated to be 15 atomic %. The Ag 3d5/2 and Ag 3d3/2 peaks of the decorated
surfaces at 368.4 and 374.5 eV clearly indicate the formation of metallic Ag.62 TheFig. 5 XPS spectra of (a) Pd 3d and (b) Ag 3d recorded at an evaporated Pd film before (1) and after (2)
decoration with silver.
This journal is ª The Royal Society of Chemistry 2013 Faraday Discuss., 2013, 164, 199–218 | 207
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View Article OnlinePd 3d5/2 and 3d3/2 peaks did not shi in the presence of Ag (Fig. 5a) which
indicates that surface alloy formation is unlikely.
CV experiments performed at the evaporated lm and the Ag decorated lm
are shown in Fig. 6. In the absence of Ag the voltammetry recorded at the Pd
substrate is particularly sluggish in the hydrogen adsorption/desorption region.
Signicantly, there is a distinct oxidation process at ca. 0.80 V prior to the onset of
monolayer oxide formation. Aer decoration with Ag the potential region from
0.60 to 1.20 V is signicantly affected. The magnitude of the peak at 0.80 V on the
Pd substrate is diminished and replaced with a distinct peak at 0.87 V which is
attributed to the oxidation of Ag. It must be emphasised that in this decoration
process the Pd lm is not electrochemically treated prior to immersion in AgNO3
to avoid any possibility of forming adsorbed hydrogen that would drive the
deposition process via its oxidation in the presence of the metal salt. Upon cycling
both electrodes, the conventional Pd voltammetry in acid is observed (as in
Fig. 1a) but both the hydrogen adsorption/desorption andmonolayer oxide region
for the Pd/Ag sample is quite different. This is consistent with the voltammetry
obtained for PdAg nanocrystals immobilised on graphene formed via a galvanic
replacement reaction.63 It is interesting in both cases that electrochemical cycling
is required to attain more dened voltammetry. This suggests that the initially
deposited Pd lm is not particularly active but can still readily drive the sponta-
neous deposition of silver on to the surface.
The decoration process was monitored by performing open circuit potential
versus time experiments. This is a particularly useful approach as it gives infor-
mation on the accumulation or dissipation of surface charge. Generally it is
assumed that an increase in the OCP value above the point of zero charge reects
an increase in positive charge on the surface.64 This has been used to investigate
the formation of self-assembled monolayers,64 monitor catalytic reactions65 and
galvanic replacement reactions.66 It can be seen from Fig. 7 that there is a very
sharp increase in the OCP value up to 0.53 V when AgNO3 is introduced into
solution which is consistent with oxidation of the surface, in this case at the active
sites, followed by a decrease which could indicate the formation of an oxide on Pd
that dissipates the accumulated surface charge. The spontaneous decoration of
noble metals such as Pt with Ru or vice versa has been reported67,68 but there
remains contention over the mechanism by which this occurs. It has beenFig. 6 CVs recorded in 1 M H2SO4 at 50 mV s
1 at an evaporated Pd film before (1) and after (2) Ag
decoration where (a) shows the 1st cycle and (b) shows the 10th cycle.
208 | Faraday Discuss., 2013, 164, 199–218 This journal is ª The Royal Society of Chemistry 2013
Fig. 7 OCP versus time for an evaporated Pd film immersed in stirred Milli-Q water with the addition of
AgNO3 (as indicated by the arrow) to a total concentration of 1 mM.
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View Article Onlinesuggested that: (i) the oxidative dissolution of metal occurs in the presence of
metal cations, however such a large driving force to dissolve Pd is not present in
this system when using AgNO3; (ii) a chemical reaction with adsorbed hydrogen,
this has been carefully avoided as discussed above; and (iii) in the case of Pt a
local cell mechanism was proposed where Pt is oxidised to Pt-OH that facilitates
metal deposition.68 The latter appears to be the most viable under the conditions
of this study and supports the oxidation of active sites facilitating the reduction of
silver cations to metallic silver on the surface.
The recent work by Scholz48 demonstrated that gold active sites could be
“knocked out” using Fenton’s reagent where it was demonstrated that gold
asperities were chemically dissolved, which resulted in severe inhibition of inner
sphere reactions while outer sphere reactions remained unperturbed. From that
rationale the location of active sites on those asperities was inferred. In this work
a similar approach is taken using the oxidation of ferrocenemethanol as an outer
sphere electron transfer reaction. It can be seen in Fig. 8a that the reversible
oxidation of ferrocenemethanol is not affected by the presence of Ag on Pd as
expected. However, taking two inner sphere reactions such as the oxygen reduc-
tion reaction (ORR) and the hydrogen evolution reaction (HER) shows that the
presence of Ag on Pd has a profound effect. It is immediately apparent that the
activity for the ORR is severely suppressed (Fig. 8b) with Ag on the surface and is
reected by a shi in the onset potential of 180 mV to less positive potentials from
ca. 0.40 to 0.22 V. This is highly signicant given that 85 atomic % of the surface is
Pd. This suggests that the active sites on Pd that are responsible for the reduction
of oxygen are covered with silver via this decoration process, i.e. in effect “knocked
out”. The HER produced quite a surprising result in that the reaction was slightly
enhanced in the presence of Ag (Fig. 8c) which is unexpected given that Ag is such
a poor electrocatalyst for this reaction under acidic conditions. This infers that
the active sites that are responsible for the HER may not be involved in the ORR.
This is consistent with the IHOAM model of electrocatalysis where distinct M*/
hydrous oxide transitions are observed on most metals that mediate a variety of
electrocatalytic reactions. For instance, in the case of Au in an acidic electrolyte
four distinct potentials were identied for the catalytic mediator, which were
postulated to play a major role in the onset/termination potential of numerous
electrocatalytic reactions. In highly alkaline solutions ve distinct catalyticThis journal is ª The Royal Society of Chemistry 2013 Faraday Discuss., 2013, 164, 199–218 | 209
Fig. 8 CVs recorded at (1) evaporated Pd film and (2) Ag decorated Pd film in (a) 1 mM ferrocene-
methanol in 0.1 M KNO3, n ¼ 100 mV s1, (b) 1 M H2SO4 saturated with oxygen gas, n ¼ 50 mV s1 and
(c) 1 M H2SO4, n ¼ 5 mV s1.
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View Article Onlinemediator potential values were identied.69 Also Norskov’s work illustrated, by
density functional theory calculations, that overlayers of silver on palladium
increase the free energy of hydrogen adsorption (DGH) from 0–0.1 eV to >0.5 eV,
which is a reliable indicator of activity for HER where a DGH value of 0.0 eV leads
to optimal activity.70,71 This supports the postulation that sites with different
activity are responsible for this reaction than those involved in the ORR.
Recently Scholz also investigated the effect of OH radical attack on Pd
surfaces where a dramatic decrease in surface area and a smoothing of the
morphology was observed yet the inner sphere reaction quinone/hydroquinone
was not affected.72 The reason suggested was that active sites were present over
the entire Pd surface and not specically located at asperities. It should be noted
that using Fenton’s reagent results in severe chemical dissolution of the surface,210 | Faraday Discuss., 2013, 164, 199–218 This journal is ª The Royal Society of Chemistry 2013
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View Article Onlinewhereas in this work such a substantial change in the surface morphology does
not occur due to the lower oxidising power of Ag+ which provides a less intrusive
method for studying active site behaviour. This was conrmed by SEM imaging of
the evaporated Pd lm before and aer decoration (Fig. 9). It can be seen that the
morphology of the surface remains intact and that there is no obvious dissolution
of the surface as the grain sizes are comparable in both size and shape. It is
surprising however that there is no evidence of Ag formed on the surface in the
form of nanoparticles.
This lends support to Scholz’s argument that active sites are located homo-
geneously across the Pd surface. In an effort to possibly increase the loading of the
Pd surface with Ag, the nanostructured Pd samples shown in Fig. 2 were also
decorated with Ag as conrmed by XPS with a surface loading of 10.2 atomic %
(Fig. S2†) and cyclic voltammetry. It can be clearly seen in Fig. 10 that the response
at ca. 0.05 is diminished aer decoration with Ag, which also supports that this
process is associated with the oxidation of surface active sites that are utilised in
the metal decoration process and not hydrogen adsorption/desorption peaks,
given that the substrate was not used prior to the decoration process.
SEM imaging however did not reveal the obvious presence of Ag as nano-
particles on the surface. It should be noted that this decoration process is notFig. 9 SEM images of an evaporated Pd film before (a) and after (b) decoration with silver. Scale bar is
100 nm in each case.
Fig. 10 CVs recorded in 1 M H2SO4 at 50 mV s
1 at an evaporated Pd film before (1) and after (2)
decoration with Ag.
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View Article Onlinereported for the highly porous Pd sample due to hydrogen being evolved during
the electrodeposition procedure. The possible presence of adsorbed hydrogen on
the surface post synthesis could contribute to the deposition of Ag and is there-
fore avoided in this discussion. Finally a commercial catalyst was investigated
(10% Pd loaded on carbon) and decorated with Ag. The presence of Ag was
conrmed by XPS (Fig. S3†) which gave a surface loading of 14.5 atomic %. TEM
imaging before and aer decoration is shown in Fig. 11 where there are a number
of new features in the decorated sample. The morphology of the Pd nanoparticles
transforms from a relatively smooth oblong shape (Fig. 11b) into a rough porous
particle that appears to be an agglomeration of much smaller nanoparticles
(Fig. 11d) while there is also the appearance of numerous particles on the carbon
support which are assumed to be Ag. This was further conrmed by powder X-ray
diffraction where the presence of peaks at 2q ¼ 44.3 and 64.2 and a shoulder at
38.2 are indicative of the (200), (220) and (111) crystal planes of fcc Ag, respectively
(Fig. 12).12 Interestingly the (111) and (220) planes of Pd become quite broad aer
the decoration procedure and this is consistent with a porous morphology that
consists of smaller particles as seen by TEM imaging. However the peak positions
do not change, implying that alloy formation does not occur as supported by the
previous XPS results (Fig. 5). To exclude the possibility of surface functional
groups on carbon driving the metal reduction process, the same experiment was
performed using activated carbon where no evidence of Ag nanoparticles was
found via TEM imaging. XPS analysis did reveal a minute trace of Ag (Fig. S4†)
which is assumed to be due to the oxidation of organic functional groups whichFig. 11 TEM images of commercial Pd on carbon catalyst before (A, B) and after (C, D) decoration
with Ag.
212 | Faraday Discuss., 2013, 164, 199–218 This journal is ª The Royal Society of Chemistry 2013
Fig. 12 XRD pattern of Pd supported on carbon particles before (1) and after (2) modification with Ag.
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View Article Onlinefacilitates Ag metal ion reduction.73 Therefore, the signicant number of addi-
tional nanoparticles on the support must be related to the presence of Pd
nanoparticles on the surface. Interestingly some of these nanoparticles have quite
anisotropic shapes; several prisms are evident in Fig. 11. Ag is well known to form
such shapes under controlled chemical synthesis conditions using capping
agents.74 It appears that the oxidation of active sites on Pd results in electrons
being laterally propagated into the underlying support material that can facilitate
the reduction of Ag+ into Ag0. This type of effect has been seen previously for a
galvanic replacement process where controlling the rate of charge propagation on
the surface of Cu in the presence of Au ions impacted on the morphology and
porosity of the resultant lm.75 Given the resolution of eld emission SEM,
nanoparticles of the size observed in Fig. 11 should be detectable and, this
therefore suggests that Ag is deposited as a submonolayer on both the evaporated
Pd lm and nanostructured Pd surface.
Under acidic conditions it was found that the presence of Ag on evaporated
Pd does not signicantly enhance its electrocatalytic performance but rather
inhibits it. This was also conrmed at nanostructured Pd where the oxidation of
formic acid was investigated. This reaction has received a signicant amount of
attention as it proceeds via a direct pathway to CO2 formation involving dehy-
drogenation; HCOOH ¼ CO2 + 2 H+ + 2e rather than a dehydration step that
produces COads; HCOOH ¼ COads + H2O ¼ CO2 + 2H+ + 2e, which is highly
detrimental to performance, as seen for Pt catalysts. Fig. 13 shows the CV
behaviour for a nanostructured Pd electrode and one decorated with Ag for the
oxidation of formic acid. The onset potential coincides with the pair of conju-
gate peaks seen in the absence of formic acid (Fig. 1b) which is consistent with a
Pd*/hydrous oxide couple mediating the reaction. It is apparent that the pres-
ence of Ag inhibits the reaction over the entire potential range. On the reverse
sweep the sharp increase in current at 0.45 V is due to the monolayer oxide being
removed from the surface, allowing a fresh surface to participate in the oxida-
tion of formic acid. For the decorated sample it can be seen that the re-oxidation
of formic acid is signicantly more sluggish. There is a rapid decay in current
from 0.20 V to the end of the sweep due to the transition through the active site
response and also the adsorption of hydrogen on the surface that competes with
formic acid oxidation.This journal is ª The Royal Society of Chemistry 2013 Faraday Discuss., 2013, 164, 199–218 | 213
Fig. 13 CVs recorded in 1 M formic acid in 1 M H2SO4 at a sweep rate of 50 mV s
1 at a nanostructured
Pd (as in Fig. 2) before (1) and after (2) Ag decoration.
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View Article OnlineHowever, this approach does offer an alternative route for the investigation of
active site behaviour and its role in electrocatalytic reactions. It is known that Ag
is a much more effective electrocatalyst in alkaline conditions and therefore the
possibility of an effective Pd/Ag bimetallic catalyst being formed through this
process was investigated for the ORR and formaldehyde oxidation. The latter
reaction has received attention from a fuel cell point of view as an alternative fuel
source to methanol, ethanol or hydrogen76,77 and also in the sensing area, as
formaldehyde is classied as a probable human carcinogen by the EPA.78 Fig. 14a
shows the CV recorded at a Pd substrate and Pd/Ag substrate in 1 M NaOH
saturated with oxygen. For Pd an irreversible reduction process occurs with a peak
potential of 0.19 V followed by a gradual decay in current until the end of the
sweep at0.40 V. For Pd/Ag the onset potential is shied to slightly more negative
potentials as well as the peak maximum by ca. 30 mV. However the rate of oxygen
reduction is maintained at a near steady state value until the end of the sweep.
This indicates that the ORR is facilitated to a greater extent over a larger potential
range. The prolonged activity of both surfaces for ORR was determined by chro-
noamperometric experiments where the potential was held at 0.40 V (Fig. 14b).
It can be seen that the current recorded at Pd/Ag is higher than that for Pd which
indicates that the presence of Ag has a benecial effect on the stability of the
catalyst under alkaline conditions. Illustrated in Fig. 14c are CVs recorded in
formaldehyde under alkaline conditions which demonstrate that the presence of
Ag on the surface promoted the reaction which is reected in a shi in onset
potential to more negative potentials for the Pd/Ag surface compared to Pd. This
enhancement has been reported previously for Ag/Pd nanoalloys where it was
suggested that Ag can activate water at lower potentials than Pd, which in turn
oxidises adsorbed CO thereby liberating Pd sites to participate in the reaction.78 In
this case there is no direct evidence of alloy formation, but the presence of Ag on
the surface of Pd appears to have a similar effect. Given that improvements were
seen in the case of evaporated Pd lms decorated with Ag, the nanostructured Pd
surface was also investigated for the oxidation of formaldehyde (Fig. 14d). A
similar effect is seen in that the onset potential is shied to more negative
potentials as well as an increase in current magnitude when Ag is present on the
surface.214 | Faraday Discuss., 2013, 164, 199–218 This journal is ª The Royal Society of Chemistry 2013
Fig. 14 CVs recorded at an evaporated Pd film before (1) and after (2) silver decoration in (a) 1 M NaOH
saturated with oxygen gas, n ¼ 50 mV s1; (b) chronoamperometric curves obtained at 0.40 V in 1 M
NaOH saturated with oxygen; (c) CVs in 0.1 M formaldehyde in 1 M NaOH, n ¼ 50 mV s1; and (d) same
conditions as (c) at a nanostructured Pd electrode.
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View Article OnlineElectrocatalysis was then investigated at the Pd catalyst supported on carbon to
see whether this approachmay be a simple way of improving the performance of a
commercial catalyst. The inuence of Ag can again be seen by CV experiments
undertaken in 1 M NaOH only where the peak at ca. 0.05 V is diminished aer
decoration with Ag along with the signicant change in the monolayer oxide
formation region (Fig. 15a). The overall capacitance is also decreased, as evident
from the response in the double layer region, and may be due to the carbonFig. 15 CVs recorded at 50 mV s1 at a commercial Pd catalyst before (1) and after (2) modification
with Ag in (a) 1 M H2SO4 and (b) 1 M NaOH with 1 M formaldehyde.
This journal is ª The Royal Society of Chemistry 2013 Faraday Discuss., 2013, 164, 199–218 | 215
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View Article Onlinesupport being covered with Ag nanoparticles. As expected the performance for
formic acid oxidation under acidic conditions was inhibited by the presence of Ag
(data not shown) but in 1 M NaOH the oxidation of formaldehyde (Fig. 15b)
showed an improvement as seen above for the decorated Pd lm (Fig. 14c).
Conclusions
In this work the electrochemical behaviour of Pd was investigated at a range of
materials that would typically be used in research studies as well as in industrial
applications. It was found that oxidation responses occur at potentials well below
that for bulk metal oxidation and are attributed to the oxidation of surface active
sites. This allows Pd surfaces to be spontaneously decorated with Ag which is
thermodynamically forbidden at the bulk metal. The driving force for the
reduction of the Ag salt at the surface is the facile oxidation of active sites. The Ag
coverage was found to be no higher than 15 atomic % in all cases and had a
signicant impact on the electrocatalytic performance of the Pd/Ag material.
Outer sphere reactions were unperturbed, but the HER, ORR and formaldehyde
oxidation reactions were highly dependent on the presence of Ag. In acidic
conditions Ag had an inhibitory effect allowing active site behaviour of the Pd
surface to be investigated while the electrocatalytic properties of Ag in alkaline
conditions could be harnessed to give improved performance for formaldehyde
oxidation. It is envisaged that this approach is not just conned to the Pd/Ag
system but could be applied to a variety of combinations where active site
behaviour of a metal is present. The choice of a less active metal for decoration
offers a new insight in to the behaviour of active sites on the substrate metal and
what role they play in electrocatalytic reactions. By careful choice of reaction, pH
conditions and combination of metals, improved electrocatalytic performance
could be achieved using this straightforward approach. The possibility of
increasing the number of defects on the substrate material via electrochemical,
chemical or thermal pre-treatments prior to decoration is another possibility and
needs further exploration.
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